Articles

Mst1-mediated phosphorylation of Nur77 improves the
endometrial receptivity in human and mice

Xinyu Cai,*9 Yuejiang,“'b'g Zhiwen Cao,**9 Mei Zhang,“'b Na Kong,“‘b Lina Yu, Yedong Tang,” Shuangbo Kong, Wenbo Deng,
Haibin Wang," Jianxin Sun,® Ljjun Ding,*” Ruiwei Jiang,** Haixiang Sun,*>*** and Guijun Yan®"f*+*

®Center for Reproductive Medicine and Obstetrics and Gynecology, Nanjing Drum Tower Hospital, Nanjing University Medical School,
Nanjing, China

PCenter for Molecular Reproductive Medicine, Nanjing University, Nanjing, China

‘Reproductive Medical Center, The First Affiliated Hospital of Xiamen University, Xiamen, PR China

dDepartment of Medicine, Center for Translational Medicine, Thomas Jefferson University, Philadelphia, PA, 19107, USA

“State Key Laboratory of Reproductive Medicine, Nanjing Medical University, Nanjing, China

fState Key Laboratory of Pharmaceutical Biotechnology, Nanjing University, 210032 Nanjing, China

Summary

Background Successful embryo implantation requires the attachment of a blastocyst to the receptive endometrial
epithelium, which was disturbed in the women with recurrent implantation failure (RIF). Endometrial p3-integrin
was the most important adhesion molecule contributing to endometrial receptivity in both humans and mice.
Nur77 has been proven indispensable for fertility in mice, here we explore the role of Nur77 on embryo-epithelial
adhesion and potential treatment to embryo implantation failure.

Methods The expression and location of Mstl and Nur77 in endometrium from fertile women and RIF patients were
examined by IHC, qRT-PCR and Western blotting. In vitro kinase assay following with LC-MS/MS were used to
identify the phosphorylation site of Nur77 activated by Mstl. The phosphorylated Nur77 was detected by phos-tag
SDS-PAGE assay and specific antibody against phospho-Nur77-Thr366. The effect of embryo-epithelium
interaction was determined in the BeWo spheroid or mouse embryo adhesion assay, and delayed implantation
mouse model. RNA-seq was used to explore the mechanism by which Nur77 derived peptide promotes
endometrial receptivity.

Findings Endometrial Mammalian sterile 20 (STE20)-like kinase 1 (Mstl) expression level was decreased in the
women with RIF than that in the fertile control group, while Mstl activation in the epithelial cells promoted
trophoblast—uterine epithelium adhesion. The effect of Nur77 mediated trophoblast-uterine epithelium adhesion was
facilitated by active Mstl. Mechanistically, mstl promotes the transcription activity of Nur77 by phosphorylating
Nur77 at threonine 366 (T366), and consequently increased downstream target p3-integrin expression.
Furthermore, a Nur77-derived peptide containing phosphorylated T366 markedly promoted mouse embryo
attachment to Ishikawa cells ([4 (2-4)] vs [3 (2-4)]) and increased the embryo implantation rate (4 vs 1.4) in a
delayed implantation mouse model by regulating integrin signalling. Finally, it is observed that the endometrial
phospho-Nur77 (T366) level is decreased by 80% in the women with RIF.

Interpretation In addition to uncovering a potential regulatory mechanism of Mst1/Nur77/f3-integrin signal axis
involved in the regulation of embryo-epithelium interaction, our finding provides a novel marker of endometrial
receptivity and a potential therapeutic agent for embryo implantation failure.
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Research in context

Evidence before this study

Inadequate endometrial receptivity is responsible for
approximately two-thirds of implantation failures. Adhesion
molecules have been proven to be involved in the attachment
of blastocyst to uterine epithelium. Previous studies have
demonstrated that the $3-integrin plays an important role in
the establishment of endometrial receptivity in human and
mice. A Nur77-derived peptide has been shown to induce the
apoptosis of cancer cells in vitro and in animals. We previously
reported that Nur77 knockout mice exhibited impaired
decidualization and a subfertility phenotype. However, it is
not clear about the molecular function of Nur77 and the
potential regulatory relationship between Nur77 and 83-
integrin in the establishment of endometrial receptivity.

Added value of this study

We found that Mst1 is involved in establishing endometrial
receptivity dependent on the kinase activity, and identified
Nur77 as a new substrate of Mstl. Mst1 phosphorylates
Nur77 at threonine 366 to regulate the transcription of

Introduction
Successful implantation of embryos into the maternal
uterine endometrium is a crucial step in mammalian
reproduction. In humans, natural conception during one
menstrual cycle is not higher than 30%.' Embryo im-
plantation failure contributes to 70% of all pregnancy
losses and are responsible for the relative inefficiency of
embryo transfer in infertile couples undergoing assisted
reproductive technologies (ART).>* It was estimated that
there is a 90% of cumulative pregnancy rate after the
transfer of at least four blastocysts.* Absence of a clinical
pregnancy after the indicated attempts is considered an
acceptable definition for recurrent implantation failure
(RIF), in which inadequate endometrial receptivity plays a
key factor.”® The uterus is receptive to blastocyst implan-
tation during a restricted time period termed “window
of implantation”, 5-8 days after ovulation in the mid-
secretory phase of a normal human menstrual cycle’
The process of embryo implantation consists of three
stages, including apposition, adhesion, and invasion.*’
Adhesion molecules have been proven to be involved
in the attachment of blastocyst to uterine epithelium.
Previous studies have identified a group of integrins that
play important roles on embryo implantation, including
avf3, a9pl, avpl, alpl, a3pl, a6pl, avp5, and avpe.' o
Among these integrins, the integrin B3 subunit

B3-integrin. Importantly, we uncovered that peptide-
pThr3%® promoted trophoblast-uterine epithelium adhesion
in vitro and embryo implantation in vivo and endometrial
pNur77 (T366) level was aberrantly decreased in women
with RIF, indicating the key role of Mst1l mediated
phosphorylation of Nur77 on endometrial receptivity.

Implications of all the available evidence

This study uncovered a potential regulatory mechanism of
Mst1/Nur77/B3-integrin signal axis involved in the
establishment of endometrial receptivity in human and mice.
We demonstrated that a Nur77-derived peptide-pThr3®
promoted the embryo-epithelium interaction, and
endometrial phospho-Nur77 (T366) was a promising
biomarker for endometrial receptivity. A better understanding
of the regulatory network of the Mst1/Nur77/p3-integrin
signal axis may help to develop related targeted therapy for
clinical treatment of recurrent embryo implantation failure in
women.

(B3-integrin) has been proposed to have the most
important role in both humans and mice. In the human
endometrium, B3-integrin is highly expressed in the
luminal and glandular epithelium during the mid-
secretory phase, while the aberrant expression of p3-
integrin is associated with infertility and recurrent
pregnancy loss."** The integrins have the ability to bind
arginine-glycine-aspartic acid (RGD) sequences in extra-
cellular ligands, while an intrauterine injection of RGD
peptide or neutralizing antibody against p3 reduces the
number of implantation sites in mice."

To date, only hysteroscopy to treat endometrial pa-
thology and treatment of hydrosalpinges have been
proven significantly beneficial for endometrial recep-
tivity and incorporated in clinical standard care.’ In-
trauterine  administration of human chorionic
gonadotropin, granulocyte colony stimulating factor or
peripheral blood mononuclear cells have emerged as
novel potential approaches to improve endometrial
receptivity, while the treatment efficiency and underly-
ing mechanism need to be demonstrated further.”-"
Over the last few decades, peptides have been recog-
nized as a rapidly expanding therapeutic modality
occupying the space between small molecules and an-
tibodies.”” Peptides are recognized for being highly
selective and efficacious and, at the same time, relatively
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safe and well tolerated. Preimplantation factor (PIF) is
an embryo-specific peptide of 15 amino acids secreted
by viable mammalian embryos, which establishes
effective embryonic—maternal communication by regu-
lating systemic and local immunity, leading to a pro-
receptive environment prior to implantation.”* A
Nur77-derived peptide has been shown to induce the
apoptosis of cancer cells in vitro and in animals.”* We
previously showed that Nur77 knockout mice were
infertile due to impaired decidualization, but it not clear
about the role of Nur77 on embryo-epithelium interac-
tion.*® Herein, we identified a Nur77 (also known as
NR4A1 or TR3) derived peptide containing phosphory-
lated T366, a novel phosphorylation site mediated by
mammalian sterile 20 (STE20)-like kinase 1 (Mst1, also
known as KRS2 or STK4), promoted trophoblast—
uterine epithelium adhesion in vitro and embryo im-
plantation in vivo by regulating integrin expression. Both
active Mst1 and phospho-Nur77 (T366) expression levels
were increased in the mid-secretory endometrium than
that in the proliferative endometrium, while decreased
in the endometrium of women with RIF compared with
the fertile controls, highlighting active Mstl and phos-
phorylated Nur77 as promising biomarkers for endo-
metrial receptivity.

Materials and methods

Patients and sample collection

Following the postovulatory rise in circulating proges-
terone levels, the endometrium becomes transiently
receptive to embryo implantation.” Endometrial biopsy
was performed through a mock cycle on the day that an
embryo transfer would normally occur. Mid-secretory
endometria timed on 6-8 days after exogenous proges-
terone treatment in the non-transfer cycle were obtained
from 26 normal women and 26 women with RIF un-
dergoing IVF-ET. Proliferative endometria were ob-
tained from 12 normal women. The normal group was
composed of women whose infertility was due to male
factors and were confirmed to be fertile after their first
IVF-ET treatment. RIF is defined as the absence of
implantation after two consecutive cycles of IVF, intra-
cytoplasmic sperm injection (ICSI) or frozen embryo

replacement cycles in which the cumulative number of
transferred embryos is no less than four for cleavage-
stage embryos and no less than two for blastocysts,
with all embryos being of good quality as described
previously.”® All the patients were aged <35 years with
regular ovulatory cycles of 28-32 days and normal BMI
(<25 kg/m?) at time of biopsy, had normal endocrine
profile including normal serum levels of FSH (<10
mIU/mL), LH (<10 mIU/mL) and estradiol (E2 < 50 pg/
ml) on Day 3 of the menstrual cycle. Women with
hydrosalpink, endometriosis, or adenomyosis were
excluded. The details of these patients are summarized
in Table 1. The endometrial biopsies used for this study
were obtained from women attending the Center for
Reproductive Medicine of Nanjing Drum Tower Hos-
pital (2013-408 081-01). All patients provided written
informed consent.

Animals and treatments

A total of twenty adult female ICR (Institute of Cancer
Research) mice were purchased from the Lab Animal
Center of Yangzhou University (Yangzhou, China). To
induce delayed implantation, mice were ovariectomized
in the morning (08:00-09:00) on D4 of pregnancy and
maintained with daily subcutaneous injections of pro-
gesterone (P4, 2 mg per mouse, MilliporeSigma) from
D5 for three consecutive days (D5-D7); embryo im-
plantation was triggered by the injection of oestradiol-
17 (E2, MilliporeSigma) on D7 at 08:00.” Mice were
randomly allocated to experimental groups in two-
stages. Initially randomising an original allocation of
sixteen mice, and then randomly allocating an addi-
tional four mice post-enlarging the sample size
following a power analysis based on a priori assump-
tions. Saline or 20 pg peptide was injected into the
uterus following the E2 trigger. E2 (7.5 ng) was injected
into the sham group (n = 6 uteri), while E2 (3.75 ng) was
injected into the intrauterine injection groups including
saline group (n = 14 uteri), unphosphorylated peptide
group (n = 7 uteri) and phosphorylated peptide group
(n = 7 uteri). Implantation was checked via the blue dye
method in mice 24 h after the E2 trigger, and the uterus
was sampled for RNA-seq (n = 3 for saline treated uteri

Variables For WB assay For IHC assay
Normal Normal RIF P value Normal Normal RIF P value
proliferative mid-secretory mid-secretory proliferative mid-secretory mid-secretory
(n=6) (n-14) (n-14) (n=6) (n=12) (n=12)
Age (y) 293 +23 30.1 £ 3.7 319 + 21 0.15 293 +23 30.1 £ 3.7 319 +21 0.15
BMI (kg/mz) 20.7 £ 2.2 212+ 1.8 203 23 0.65 20.7 £ 2.2 212 + 18 203 23 0.65
Basal FSH (IU/L) 7.8 + 0.98 7.8 + 0.96 7.2 + 0.85 0.43 7.8 + 0.98 7.8 + 0.96 7.2 + 0.85 0.43
Basal LH (IU/mL) 4313 4115 3813 0.73 43+13 41+ 15 3813 0.73
Basal E2 (pmol/mL) 35.7 + 10.8 35.9 + 16.0 38.9 + 169 0.89 35.7 + 10.8 35.9 + 16.0 38.9 + 169 0.89
Table 1: Clinical characteristics of women enrolled in the present study.
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and n = 3 for phosphorylated peptide treated uteri) at
12 h after the E2 trigger. All steroid hormones (P4 and
E2) were dissolved in sesame oil (MilliporeSigma) and
injected subcutaneously. All animal experiments were
approved by the Institutional Animal Care and Use
Committee of Nanjing Drum Tower Hospital.

Cell culture and treatment

Ishikawa (RRID: CVCL_2529), HEK293T (RRID:CVCL_
0063) and BeWo (RRID: CVCL_0044) cells were main-
tained as described previously.” The cell lines were
verified by short tandem repeat analysis and routinely
tested for mycoplasma contamination by PCR and
confirmed negative in our lab as described previously.”
For treatment with oestradiol and progesterone, cells
were cultured in phenol red-free DMEM/F12 supple-
mented with 10% charcoal-stripped foetal bovine serum
for 24 h before being treated with 10® M 17 B-oestradiol
(#E2758, MilliporeSigma) and 10 M progesterone
(#M1629, MilliporeSigma) for various durations.
Cycloheximide (#508739, MilliporeSigma) was added
for the indicated times at a final concentration of
50 pg/mL for the protein degradation assay.

Peptides

The sequences of the examined peptides from Nur77 are
as follows: unphosphorylated peptide, NH,-GRKKR
RQRRRPQANLLTSLVRA-COOH; phosphorylated pep-
tide (pThr’*®), NH,-GRKKRRQRRRPQANLL (pThr)
SLVRA-COOH; mutant (Ala**®), NH,-GRKKRRQRR
RPQANLLASLVRA-COOH. The f3-integrin antagonist
and the peptide control were cyclo (Arg-Gly-Asp-d-Phe-
Lys) (cRGDfK) and cyclo (Arg-Gly-Glu-d-Phe-Lys)
(cRGE(K), respectively. All peptides were synthesized
(GenScript Biotech) at more than 98% purity, as verified
by HPLC and mass spectrometry.

Construction of adenovirus

Adenoviruses harbouring Nur77 (Ad-Nur77), wild-type
Mstl (Ad-Mstl) and kinase activity-deficient Mstl (Ad-
Mst1-DN) were generated using AdMax (Microbix) as
previously described.** The siRNAs targeting Nur77
were purchased from Sangon Biotech and designed to
target the following cDNA sequences: Nur77-1,
CAGTCCAGCCATGCTCCTCT; Nur77-2, GGAAGATG
CTGGGGATGTAT. The viruses were propagated in
HEK293A cells and purified via CsCl, banding followed
by dialysis against 20 mmol/L Tris-buffered saline with
10% glycerol.

Recombinant proteins purification

GST-Nur77-LBD and GST-Nur77-LBD™**** fusion pro-
teins were expressed in BL21 Escherichia coli using the
PGEX4T-1 vector. For induction, 5 mL of Luria broth

medium (100 mg/mL ampicillin) was inoculated with a
single colony. Three hundred microlitres of Pierce
Glutathione Agarose (#16101, Thermo Scientific) (pre-
treated with cold PBS) was added to the lysate super-
natant and incubated with continuous mixing for 3 h at
4 °C, and the proteins were eluted with 300 pl elution
buffer (15 mM glutathione, 50 mM Tris-HCI, pH 8.0).
After dialysis using Slide-A-Lyzer Dialysis Cassettes
(#66380, Thermo Scientific) with 50 mM Tris-HCI (pH
7.5) +10% glycerol at 4 °C for 48 h, the proteins were
divided into batches and stored at —80 °C.

Antibodies

Antibodies were purchased from the following compa-
nies: Mstl (#3682; WB, 1:1000; IHC, 1:200), phospho-
Mstl-Thr183  (#3681; WB, 1:1000; IHC, 1:200),
phospho-Nur77-Ser351 (#5095; WB, 1:1000), Flag
(#14793; WB, 1:1000), Myc (#2276; WB, 1:1000; IF,
1:100) (all from Cell Signalling Technology), phospho-
threonine (#P6623; WB, 1:500), phosphoserine (#P5747;
WB, 1:1000) (all from Millipore Sigma), Nur77
(#ab48789, Abcam; WB, 1:1000; IHC, 1:200), HOXA10
(#sc-17158; WB, 1:1000), and phospho-Nur77-Ser341
(#sc-16991; WB, 1:1000) (all from Santa Cruz Biotech-
nology, Inc.), PB3-integrin (#BS3660; WB, 1:1000),
GAPDH (#AP0063; WB, 1:2000) (all from Bioworld
Technology, Inc.), FAK (#CY5464; WB, 1:1000),
phospho-FKA-Y397 (#CY5464; WB, 1:1000) (all from
Abways Technology, Inc.). The phosphorylation state-
specific antibody against phospho-Nur77-Thr366 was
provided by Nanjing Peptide Biotech (WB, 1:400). As
brief, the synthetic = phosphorylated  peptide
ANLLTPSLVRA was subjected to immunization of rab-
bits, following with a two-step affinity purification with a
non-phosphorylated peptide column and a phosphory-
lated peptide column to get the polyclonal antibody
against phospho-Nur77-Thr366.

Western blot analysis

Tissues and cells were homogenized in whole-cell lysis
buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl and 1.0%
NP-40) containing a protease inhibitor cocktail
(#11697498001, Roche Life Science) and a phosphatase
inhibitor cocktail (#P5726, MilliporeSigma). Proteins
were resolved by 10% SDS-PAGE gel and transferred onto
PVDF (polyvinyl difluoride) membranes (#03010040001,
Millipore), then incubated with primary antibodies
followed by a goat anti-rabbit (#BS13278; 1:10000) or anti-
mouse (#BS12478; 1:10000) secondary antibody (Bio-
world Technology, Inc.) conjugated with HRP. Detection
was performed using an enhanced chemiluminescence
kit (#32106, MilliporeSigma). Semiquantitative analysis
was performed by densitometry, calculating the ratio of
target protein(s) to GAPDH (Image] version 1.52, NIH
software). Protein levels were equilibrated with Protein
Assay Reagent (Bio-Rad Laboratories).
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Co-immunoprecipitation

HEK293 cells were transiently transfected with the indi-
cated plasmids. Both HEK293 cells and Ishikawa cells
were lysed in buffer containing 1% NP-40, 150 mmol/L
NaCl, 50 mmol/L Tris (pH 8), 100 pmol/L EDTA
and protease inhibitors. The coimmunoprecipitation
of Mstl and Nur77 was performed essentially as we
described previously." The following antibodies were
used for immunoprecipitation: anti-Myc agarose beads
(#20168, Invitrogen), anti-Flag M2 agarose beads
(#A2220, MilliporeSigma) or anti-Mst1 (#3682, Cell Sig-
nalling Technology) followed by Protein G agarose beads
(Roche Life Science).

Immunohistochemistry

Endometrial tissues were fixed in 10% neutral-buffered
formalin for 24 h and then routinely processed and
embedded in paraffin. Tissue sections were de-
paraffinized, rehydrated, then subjected to antigen
retrieval by boiling in 10 mM citrate buffer (pH 6.0) for
10 min. The sections were incubated overnight in pri-
mary antibody at 4 °C, followed with immunohisto-
chemical staining kits (Zhongshan Golden Bridge).
Control sections were run concurrently with the exper-
imental sections using nonspecific rabbit IgG (#sc2027,
Santa Cruz Biotechnology, Inc.). Digital images were
captured using a Leica DM 2000 microscope and LAS
Core software (Leica Microsystems Limited, Wetzlar,
Germany). Quantitative analysis of the relative protein
expression levels in the epithelial cells and stromal cells
of endometrium samples were determined according to
the integrated optical density (IOD) of the digital images
(x400) using Image-Pro Plus System 6.0 (Media Cy-
bernetics, Inc., Silver Spring, MD, USA) in a blinded
fashion as described previously.” Signal density data
for the tissue areas were obtained from three ran-
domly selected fields of view and subjected to statistical
analysis.

Immunofluorescent staining

Ishikawa cells grown on 8-well microscope slides (Mil-
lipore) were transfected with Flag-Nur77"'**} together
with the Myc-Mst1 expression plasmid. After 48 h, cells
were fixed with 4% paraformaldehyde in PBS for
20 min, washed in PBS and treated with 0.5% Triton X-
100 in PBS for 10 min. Protein blocking with 3% BSA in
PBS was performed for 30 min at room temperature.
The cells were subsequently incubated with anti-Flag or
anti-Myc antibodies overnight at 4 °C, followed by in-
cubation with secondary anti-rabbit Cy3 (#111165,
Jackon Immunoresearch) and anti-mouse Cy2
(#115225, Jackon Immunoresearch) antibodies. The
slides were counterstained with DAPI and imaged on an
Olympus FV1000 confocal microscope (Olympus Cor-
poration, Shinjuku).
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In vitro kinase assay

HEK293 cells transfected with Flag-Nur77 were serum
starved for 6 h before harvest, and then Flag-Nur77 was
immunoprecipitated with an anti-Flag antibody. Kinase
assays were carried out as described with some modi-
fications.*** The immunoprecipitated complexes were
washed 2x with lysis buffer and once with wash buffer
(40 mM HEPES pH 7.6, 10 mM MgCl,, 1 mM EGTA,
1 mM DTT) and then incubated with active Mst1 (Mil-
lipore) in kinase buffer (40 mM HEPES pH 7.6, 10 mM
MgCl,, 1 mM EGTA, 1 mM DTT, 2.5 mM f-glycer-
ophosphate, 200 pM ATP) for 30 min at 30 °C. The
reactions were stopped by the addition of 5x Laemmli
sample buffer, heating at 95 °C for 5 min, subjected to
SDS-PAGE and blotted with the indicated antibodies.
For phosphorylation of GST-Nur77-LBD and GST-
Nur77-LBD™¢®A the reactions were subjected to
autoradiography.

Phos-tag SDS-PAGE

For analysis of Nur77 phosphorylation, samples of tis-
sue extracts in SDS-gel sample buffer were subjected to
phosphate affinity SDS-PAGE using an acrylamide-
pendant phosphate-binding tag (Phos-tag™) with
Mn>* as previously described.”**” Standard Tris-Cl
buffered stacking (4.5% w/v acrylamide) and sepa-
rating (6% w/v acrylamide, 50 pM Phos-tagged acryl-
amide, 100 pM MnCl,) gel recipes were applied.
Electrophoresis was performed under constant current
conditions (30 mA/gel) until the BPB reached the bot-
tom of the resolving gel. For transfer of gel-separated
proteins to PVDF membranes, gels were pretreated
with washing in methanol-free transfer buffer with
5 mM EDTA for 10 min twice to remove bivalent cat-
ions. Immunoblotting was performed with primary
antibodies against Nur77 (#3960, Cell Signaling Tech-
nology). Western blots of Phos-Tag™ gels cannot be
used to make MW assignments.

LC-MS/MS analysis

Protein bands were excised from Coomassie-stained
gels. Proteins were isolated, digested, and labelled
with iTRAQ reagents. LC-MS/MS was performed with a
Triple TOF 5600 System (AB SCIEX) in the Trans-
lational Medicine Core Facilities, Medical School of
Nanjing University as described.** The raw data used for
proteomic profiling are provided in Supplementary
Datasheet 1 and 2.

Luciferase reporter assay

The synthetic triple sequence repeats of NBRE were
cloned into the pGL3-basic luciferase reporter plasmid
(#E1751, Promega) and sequenced to confirm the
resulting plasmid. Preconfluent (60%) Ishikawa cells in
12-well plates were transfected with the indicated
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plasmids. Cells were harvested, and the luciferase ac-
tivities were analysed after 48 h using a Dual-Luciferase
Assay System (#E2940, Promega). Luciferase activity
was measured using a luminescence counter (Berthold
Technologies) according to the manufacturer’s in-
structions. For normalization according to the trans-
fection efficiency, firefly luciferase activity was
normalized to the corresponding Renilla luciferase
activity.

Avidin-biotin conjugate DNA precipitation assay
The biotin-labelled DNA probes were synthesized by
Sangon Biotech. The primers contained triple repeats of
NBRE and were biotinylated at the 5'-end. The primer
sequences were as follows: forward: biotin-5 -GGG
AAAGGTCAAAAGGTCAAAAGGTCAAAGTCCCG-3';
reverse: 5-CGGGACTTTGACCTTTTGACCTTTTGAC
CTTTCCC-3". Double-stranded oligonucleotides were
designed based on the f3-integrin promoter sequence
(-6981 to —6952 bp): B3-integrin wild-type forward: 5'-
biotin-GGAGACAGTAGAAAGGTCAGTCGTTITCCAG-
3, and reverse: 5-CTGGAAACGACTGACCTTTCTAC
TGTCTCC-3; and B3-integrin mutant forward: 5 -biotin-
GGAGACAGTAGACATTTCAGTCGTTITCCAG-3', and
reverse: 5-CTGGAAACGACTGAAATGTCTACTGTCT
CC-3". ssDNA was thermally annealed to form dsDNA
prior to pull-down experiments. Cell lysates derived from
Ishikawa cells transfected with the indicated plasmids or
adenovirus were incubated with 500 pmol of double-
stranded DNA and then subjected to pull-down using
streptavidin agarose beads (MilliporeSigma). Proteins
were resolved via SDS-PAGE and probed with an anti-
Flag antibody.

Adhesion assay for BeWo spheroid and mouse
embryo adhesion to Ishikawa cells

Multicellular spheroids of human choriocarcinoma
BeWo cells and mouse blastocysts with endometrial
Ishikawa cells were used as in vitro models of adhesion
as described previously.”* Briefly, a single-cell sus-
pension of BeWo cells was transferred to a Petri dish
coated with the antiadhesive polymer poly-2-
hydroxyethyl methacrylate (#P3932, MilliporeSigma) to
induce the formation of BeWo spheroids that were
150-200 pm in diameter. Simultaneously, a confluent
monolayer of Ishikawa cells was infected with the
indicated adenovirus vectors for 48 h or treated with the
indicated peptides (cCRGDfK and cRGEfK: 2 pg/mlL;
Nur77-derived peptides: 4 pg/mL) for 24 h. Fifty
spheroids per chamber were transferred onto the
confluent monolayer of Ishikawa cells. After the spher-
oids were incubated for 1.5 h, the attached spheroids
were counted, and the adhesion rate was expressed as a
percentage of the total number of spheroids (% adhe-
sion). Similarly, collected mouse blastocysts were

transferred to Ishikawa cells treated with the phos-
phorylated peptide (pThr*®®) in a 24-well culture plate,
with 5 blastocysts per well. After 24 h, a standardized
plate movement protocol was implemented to measure
embryo attachment stability.

RNA-seq and data analysis

Total RNA was isolated from the mouse uterus
following the standard TRIzol extraction protocol. cDNA
library generation, Illumina sequencing, alignment of
high-quality reads to the mouse genome (mm10)
(GRCh38) using HISAT?2, and transcriptome assembly
using StringTie were performed by Gene Denvovo
Biotechnology. The DESeq2 (v1.29.12) package was used
to normalize count data and for differential gene
expression (log2FC > 1, P value <0.05) analysis in the R
program (R version 4.0.2). Gene set enrichment analysis
(GSEA) was performed using GSEA software v4.1.0.
The significantly (P < 0.05) regulated genes were
extracted for downstream pathway analyses using
Metascape.*' The graphics were drawn using the ggplot2
package in R software.

Statistical analysis

Each experiment was repeated at least 3 times. All values
are expressed as the mean + SD. Two-tailed unpaired
Student’s t tests were used for comparisons of two
groups. No blinding method was used for animal
studies. A priori power analysis for sample size calcu-
lations was made with “resource equation” based on law
of diminishing return. Following the formula: E = total
number of samples — total number of groups, the value
of E was set as more than 20.* ANOVA with Tukey’s
multiple comparisons test was applied for experiments
involving more than two groups. The Mann-Whitney
test was used to test the stability of embryo attach-
ment to Ishikawa cells between the two groups. Pearson
correlation analysis was used to assess the relationship
between the protein levels of pNur77 (T366) and f3-
integrin. A P value < 0.05 was considered statistically
significant.

Results

Mst1 is involved in establishing endometrial
receptivity dependent on the kinase activity
Treatment with oestradiol (E;) and progesterone (Py4)
induced Ishikawa cells, a well-differentiated endome-
trial adenocarcinoma cell line, to enter the receptive
stage, as characterized by increased levels of HOXA10
and P3-integrin.”® The protein levels of Mstl and
catalytically active Mst1 (phos-T183-Mst1, pMst1) were
markedly increased at the 12 h time point, while the
levels of active Mstland p3-integrin were decreased
after 72 h of treatment (Fig. 1A). Further, we found
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Fig. 1: Mst1 is involved in establishing endometrial receptivity dependent on the kinase activity. (A) Western blot analysis of Mst1, pT183-
Mst1, Nur77 and B3-integrin protein levels in Ishikawa cells treated with oestradiol (E2; 10-8 M) and progesterone (P4; 10-6 M) for 0, 12, 24, 48
and 72 h. (B) Western blot analysis of Mstl and pT183-Mst1 protein levels in mid-secretory endometrium (n = 6) and proliferative endo-
metrium (n = 6) from normal fertile women. Data are presented as the ratio of the target protein level to the level of GAPDH. (C) Immu-
nostaining analysis of Mstland pT183-Mstl protein expression in proliferative endometrium (n = 12) versus mid-secretory endometrium
(n = 12) from normal fertile women. (D) Western blot analysis of Mst1 and pT183-Mst1 protein levels in mid-secretory endometrium from
infertile women with RIF (n = 14) and normal controls (n = 14). Data are presented as the ratio of the target protein level to the level of GAPDH.
(E) Immunostaining analysis of mid-secretory endometrial Mst1 and pT183-Mst1 and Nur77 protein expression in women with RIF (n = 12)
versus normal controls (n = 12). (F) Western blot assay of Ishikawa cells transfected with adenovirus harbouring Mst1 and mid-secretory human
endometrium from normal controls. (G) Adhesion experiments with BeWo spheroids attached to the Ishikawa cell monolayer transfected with
the indicated adenovirus harbouring Mst1 or domain-negative Mst1 (Mst1-DN). LE, luminal epithelium; GE, glandular epithelium; S, stroma.
Scale bars, 100 pm. Mean + SD. **P < 0.01, ***P < 0.001, Student's t test in B, E and F, ANOVA with Tukey’s multiple comparisons test in D.

that the expression of Mstl and pMstl were greater in  epithelial cells of mid-secretory endometrium from
the mid-secretory endometrium than in the prolifera-  women with RIF than that in the normal controls
tive endometrium, especially in the endometrial (Fig. 1B-E). To determine the role of Mstl in embryo-
luminal epithelial cells, while reduced in the luminal  epithelium interaction, we cocultured confluent
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Ishikawa cells with BeWo spheroids* and found that
Mstl overexpression dose-dependently promoted
BeWo spheroids adhesion, but the kinase domain
negative Mstl (Mst1-DN) did not (Fig. 1F and G). The
above results indicated that Mstl activation in the
luminal epithelial cells of receptive endometrium
promoted trophoblast-uterine epithelium adhesion
in vitro, which was impaired in the endometrium of
women with RIF.

Mst1 promotes the transcriptional activity of
Nur77 by interacting with Nur77

Our previous yeast two hybrid assay using Nur77 as bait
identified Mst1 as a Nur77 interacting protein (data not
shown). Co-immunoprecipitation assay with the Nur77
antibody confirmed the interaction between the endog-
enous Nur77 and Mstl protein in the human endome-
trium (Fig. 2A). Both Mstl and kinase domain negative
Mstl (Mstl-DN) interacted with Nur77 in the Ishikawa
cells (Fig. 2B and C). Further, we found that Nur77
interacted with both full-length Mst1 (Mst1-FL) and N-
terminal Mstl with kinase domain (Mst1-NT), but not
the C-terminal Mstl with regulatory domain (Mst1-CT)
(Fig. 2D). Interestingly, Mst1 associated with all the N-
terminal Nur77 with transactivation domain (Nur77-
TAD), Nur77 with DNA-binding domain (Nur77-DBD)
and Nur77 with ligand-binding domain (Nur77-LBD)
(Fig. 2E). However, we did not find any interaction of
Mstl with the Nur77 paralogous proteins NR4A2 and
NR4A3 (Fig. S1).

We next investigate the role of Mstl on Nur77.
Over-expression of Nur77 promoted BeWo spheroids
attachment, which was enhanced by wild type Mstl
(Fig. 2F and G). We found that Mstl did not increase
the mRNA level of Nr4al (gene name for Nur77),
instead increased the protein level of Nur77 by
approximately 75% at 8 h after CHX treatment (Nur77
vs Nur77 + Mstl = 45% vs 75%, P < 0.01) (Fig. 2H and
I). Mstl increased the transcriptional activity of Nur77
by approximately 25% (P < 0.01), indicated by
increased luciferase activity driven by nerve growth
factor-induced B factor response element (NBRE)
(Fig. 2J). Furthermore, an avidin-biotin conjugate DNA
precipitation assay showed that Mstl promoted the
DNA binding of Nur77 to NBRE (Fig. 2K). Treatment
with E, and P, induced the transcriptional activity of
Nur77 in Ishikawa cells, which was Dblocked by
knockdown of Mstl (Fig. 2L), indicating the Mstl
mediated the regulatory effect of estrogen and pro-
gesterone on Nur77 molecular function. However,
Mstl-DN had no these promoting effect on Nur77.
Together, these data indicated that Mstl interacted
with Nur77, and regulate the transcriptional activity of
Nur77 dependent on its kinase activity, prompting us
to examine whether Mstl directly phosphorylates
Nur77.

Mst1 phosphorylates Nur77 at threonine 366

The expression of Nur77 and total phosphorylation
level of Nur77 was higher in the mid-secretory endo-
metrium than that in the proliferative endometrium
(Fig. 3A and B). In vitro kinase assay was conducted
with the immunoprecipitated Nur77 protein and the
recombinant active Mstl protein, leading to the auto-
phosphorylation of Mstl and a marked phosphoryla-
tion of Nur77 detected by anti-phosphothreonine IgG
(Fig. 3C). The chromatography-tandem mass spec-
trometry (LC/MS/MS) were further used to identify
potential phosphorylation sites in Nur77, and the
sequence coverage of Nur77 in the LC-MS/MS assay
was 76.6% (Fig. 3F and G). The phosphorylation
modifications of threonine were found only at Thr-27
and Thr-366, in which only phosphorylation of Thr-
366 was induced by active Mstl specifically (Fig. 3H
and Fig. S2A). As Thr-366 was included in the LBD
domain of Nur77, we purified the Nur77-LBD and
phospho-dead mutant Nur77-LBD™*®* recombinant
proteins and found that active Mstl phosphorylated
Nur77-LBD but not Nur77-LBD™®** (Fig. 3G and
Fig. S2B). Although Nur77™** colocalizes with Mst1
in the nucleus of Ishikawa (Fig. $2C), Nur7773¢%4
showed decreased NBRE-luciferase reporter activity
(Nur77%" vs Nur77"3%%* = 9.9-fold vs 7.1-fold, P < 0.01)
and protein stability compared with Nur77 (Fig. 3H
and Fig. S2D). It was further confirmed that Mstl
promoted the transcriptional activity of Nur77 but not
Nur77-LBD™%* (Fig. 31). All the above data showed
that Mst1, as a novel kinase that phosphorylates Nur77
at Thr-366, played an important role in regulating
the transcriptional activity of Nur77 at the post-
translational level.

A phosphorylated peptide derived from Nur77
promotes endometrial receptivity

We speculated that a phosphorylated peptide containing
threonine 366 of Nur77 may play a key role on the
embryo-epithelium interaction. A transactivator of
transcription (TAT) peptide was fused with the peptide
corresponding to residues 362-371 of Nur77 (Fig. 4A).
We found that the Nur77-derived peptide containing
phosphorylated threonine 366 (Peptide-pThr**®) pro-
moted the transcriptional activity of Nur77 in Ishikawa
cells, but Peptide-Wt had no such promoting effect
(Fig. 4B). We further found that peptide-pThr**® was the
only peptide that promoted BeWo spheroid adhesion by
approximately 10% compared with peptide-WT and a
phosphorylation-defective mutant peptide (Peptide-
Ala366) (Fig. 4C). By using an in vitro model of mouse
embryo adhesion, we further showed that embryos
incubated with peptide-pThr*®-treated Ishikawa cells
exhibited a higher attachment score [4 (2-4); median
(interquartile range), n = 34] than the control group [3
(2-4), n = 34] (P < 0.01) (Fig. 4D). We next determined
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Fig. 2: Mst1 promotes the transcriptional activity of Nur77 by interacting with Nur77. (A) Extracts from normal mid-secretory endometrium
were subjected to coimmunoprecipitation with an Mst1 antibody or Rabbit IgG control, and Western blot analysis of the precipitate was performed
for the Nur77 protein. (B, C) Extracts from HEK293T cells transfected with the indicated plasmids were subjected to immunoprecipitation with a
Myc (B) or Flag (C) antibody, then for Western blot analysis. (D) Diagram of different truncated protein of Mst1 and Nur77. (E, F) Extracts from
HEK293T cells transfected with the indicated plasmids loading truncated Mst1 or Nur77 were used for IP following with Western blot analysis.
(F, G) Adhesion experiments with BeWo spheroids attached to the Ishikawa cell monolayer transfected with the adenovirus harbouring Nur77 at
different concentrations (F), and Mst1 or Mst1-DN (G). (H) Ishikawa cells transfected with Flag-Nur77 and Myc-Mst1 or Mst1-DN were treated with
CHX and then subjected to Western blot assays. The level of the remaining Nur77 was normalized to that of GAPDH and plotted relative to the
level at the 0-h time point. (I) The expression of Nr4al mRNA was detected in Ishikawa cells transfected with Mst1 or not. (J) Ishikawa cells
transfected with Flag-Nur77 and Myc-Mst1 or kinase activity-deficient Mst1 (Mst1-DN), as indicated, were subjected to the detection of NBRE-
luciferase activity. (K) Ishikawa cell extracts were incubated with a biotinylated DNA probe containing three NBRE repeats, enriched by streptavidin
Sepharose beads, then subjected to Western blot analysis using a Flag antibody. (L) Ishikawa cells were treated with E2 and P4 after the knockdown
of Mst1, and NBRE-luciferase activity was detected. Mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, columns labelled with different letters show
differences at the P < 0.05 level. Student's t test in H and I, ANOVA with Tukey’s multiple comparisons test in F, G, J and L.
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Fig. 3: Mst1 promotes Nur77 transcriptional activity by phosphorylating directly Nur77 at threonine 366. (A) Western blot analysis of Mst1
and pT183-Mst1 protein levels in mid-secretory endometrium (n = 6) and proliferative endometrium (n = 6) from normal fertile women. (B) Phos-
tag SDS-PAGE analysis of Nur77 and phosphorylated Nur77 protein in mid-secretory endometrium (n = 6) and proliferative endometrium (n = 6)
from normal fertile women. (C) An in vitro phosphorylation assay was conducted by incubating precipitated Flag-Nur77 with recombinant active
Mst1 for 30 min at 30 °C. Western blot analysis shows a phospho-Nur77 band identified by a phospho-threonine (pThr) antibody. (D) Identified
peptide top hits from LC-MS/MS analysis. (E) The number of peptides containing phosphorylated threonine in the Nur77 plus active Mst1 group. (F)
Mass spectrum graph showing the phosphorylation of Nur77 at Thr366. (G) An in vitro phosphorylation assay was conducted by incubating
recombinant GST-Nur77-LBD or GST-Nur77-LBDT366A with recombinant active Mstl. (H) Ishikawa cells transfected with Nur77WT or
Nur77TT366A were subjected to the detection of NBRE-luciferase activity. (1) Ishikawa cells transfected with Flag-Nur77 or Nur77TT366A and Myc-
Mst1 were subjected to the detection of NBRE-luciferase activity. Mean + SD. *P < 0.05, **P < 0.01, columns labelled with different letters show
differences at the P < 0.05 level. Student's t test in A, ANOVA with Tukey’'s multiple comparisons test in H and I.

peptide-pThr**® promotes trophoblast-uterine epithe-
lium adhesion in vitro and embryo implantation in vivo,
indicating the improvement of Peptide-pThr’*® on

endometrial receptivity.

the effect of peptide-pThr**® on embryo implantation in
a delayed implantation mouse model” (Fig. 4E). The
sham group triggered with 7.5 ng E2 showed the highest
implantation rate, while the saline group triggered with
3.75 ng E2 showed a poor implantation rate. Peptide-Wt
injection slightly, but not significantly, increased the

implantation rate, whereas Peptide-pThr**® injection  Peptide-pThr366 from Nur77 promotes integrin

significantly increased the implantation rate (4 vs 1.4,
P < 0.01) compared with the saline group (Fig. 4F
and G). Together, these results demonstrated that

expression in the endometrial epithelium
To elucidate the potential molecular mechanism un-
derlying the peptide-pThr***-mediated promotion of
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Fig. 4: A phosphorylated peptide derived from Nur77 promotes endometrial receptivity. (A) Schematic representation of Nur77-derived
peptides: unphosphorylated peptide (Wt), phosphorylated peptide (pThr366) and mutant peptide (Ala366). (B) Ishikawa cells incubated
with wt or pThr366 were subjected to the detection of NBRE-luciferase activity. (C) Adhesion experiments with BeWo spheroids attached to the
Ishikawa cell monolayer treated with the indicated peptide at 4 pg/mL. (D) Adhesion experiments with mouse embryos attached to the
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experiments; boxes indicate quartiles, and whiskers indicate the range. (E-G) Delayed implantation in mice was triggered by E2 injection,
followed by the intrauterine injection of saline (n = 14 uteri), Peptide-Wt (n = 7 uteri) or Peptide-pThr366 (n = 7 uteri), nothing was injected in
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**P < 0.01, ***P < 0.001. ANOVA with Tukey’s multiple comparisons test in B, C and G, and the Mann-Whitney test was used in D.

endometrial receptivity, we collected uterine samples for
RNA sequencing at 12 h after peptide injection (20:00,
several hours before blastocyst implantation) when the
mice uterus enter receptive phase* (Fig. 5A). The pep-
tide group included a total of 1082 differentially
expressed genes, among which 724 were upregulated
and 358 were downregulated (Fig. 5B). GO pathway
analysis showed that the upregulated genes of the pep-
tide group were enriched in multiple pathways,
including the “Regulation of cell adhesion” and “Integ-
rin-mediated signalling pathway”, which are associated
with the process of trophoblast-uterine epithelium
adhesion (Fig. 5C). However, the analysis of down-
regulated genes focused on the pathways related to DNA
replication and cell proliferation, indicating the
decreased proliferation of endometrial epithelial cells,
which is necessary for the maturation of endometrial
epithelial cells and initiation of epithelium-embryo
adhesion® (Fig. 5D). Gene set enrichment analysis
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(GSEA) showed that the “Integrin-mediated signalling”
gene set was significantly enriched in the Peptide-
pThr*®® group (FDR = 1.43E-4) (Fig. 5E). The expression
of Itghl, Itgh3, Itgal and Itga5 was upregulated in the
peptide-pThr*®® group compared with the saline group,
and the protein expression of B3-integrin was signifi-
cantly increased in the epithelial cells of the uterus
treated with peptide-pThr®®® (Fig. SF-H, Fig. S3).
Interestingly, Lif, which is a crucial secretory factor from
the glandular epithelium that induces the uterus to
become receptive to implantation,® was markedly
increased in the Peptide-pThr**® group (Fig. 5I). In
addition, the mRNA expression of Nr4a1 was increased
in the peptide-pThr**® group, indicating that peptide-
pThr*®® promoted embryo implantation partly by
inducing Nur77 expression (Fig. 5]). The above results
suggest that Peptide-pThr366 derived from Nur77 pro-
motes endometrial receptivity by regulating the integrin
expression in the endometrial epithelial cells.
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Fig. 5: Peptide-pThr366 from Nur77 promotes integrin expression in the endometrial epithelium. (A) Delayed implantation in mice was
triggered by E2 injection, followed by the intrauterine injection of saline (n = 3 uteri) or peptide-pThr366 (n = 3 uteri). After 12 h, uteri were
sampled for RNA-seq analysis. (B) Volcano plot of differentially expressed genes. Up- and downregulated DEGs showing P < 0.05 and a log fold
change >0.45 are highlighted in light blue and light red, respectively. (C, D) Metascape pathway analysis of upregulated genes (C) and
downregulated genes (D). (E) The “Integrin-mediated signalling” gene set was enriched in the peptide group according to GSEA. (F) The
expression of Itgb1, Itgh3, Itgal and Itga5 was increased in the peptide group. Data are shown as log2-normalized read counts. (G, H) qRT-PCR
data of Itgh3 mRNA levels and IHC assay of B3-integrin protein levels between the control and peptide group. (I, J) qRT-PCR data of the
expression of Lif and Nr4al between the control and peptide group. Mean + SD. *P < 0.05 by Student's t test.

Mst1 mediated phosphorylation of Nur77 regulates
epithelium-embryo adhesion via 3 integrin/FAK

Nur77 regulates gene expression by directly binding to
NBRE, which was found in the promoter region of p3-
integrin (-6981 to —6952). Our results showed that
Flag-tagged Nur77 strongly bound to the B3-integrin
promoter containing the AAAGGTCA sequence but
not to its respective mutant containing the TGAAATGT
sequence (Fig. 6A). Treatment with E2 and P4 increased
the expression of B3-integrin and induced FAK activa-
tion, which was inhibited by the knockdown of Nur77
(Ad-siNur77) using RNA interference (Fig. 6B and C).
In addition, Mstl increased the protein levels of B3-
integrin and phosphorylated FAK, which was blocked
by knockdown of Nur77 (Fig. 6D and E). The RGD motif
has been proven to bind to B3-integrin, and the treat-
ment of an Ishikawa cell monolayer with the RGD
peptide inhibited BeWo-Ishikawa adhesion (Fig. S4).
Furthermore, we found that the facilitation of BeWo-
Ishikawa adhesion by Nur77 was blocked by the RGD
peptide (by 27%, P < 0.001) but not by the mutant RGE

peptide (Fig. 6F). All these data showed that the phos-
phorylation of Nur77 mediated by Mstl promoted
epithelium-embryo adhesion by activating f3 integrin/
FAK signalling pathway.

Impaired phosphorylation of Nur77 in the
endometrium of women with unexplained RIF
Based on the above results, we further determined the
phosphorylation level of Nur77 in the endometrium of
women with RIF. We found that the protein expression
level of Nur77 was reduced in both of the luminal
epithelial cells and stromal cells of mid-secretory endo-
metrium from women with RIF (n = 12) than that in the
normal controls (n = 12) (Fig. 7A). The Western blot
assay further confirmed that the protein level of Nur77
were decreased by 59% (P < 0.001) in the mid-secretory
endometrium from women with RIF (n = 14) than that
in the normal controls (n = 14) (Fig. 7B). The Mn?**
Phos-tag SDS-PAGE assay confirmed that the total
phosphorylation level of Nur77 was disrupted in the
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Fig. 6: Mst1 mediated phosphorylation of Nur77 regulates epithelium-embryo adhesion via B3 integrin/FAK. (A) Schematic representation
of the NBRE sequence (AAAGGTCA) within the p3-integrin promoter region and the mutant sequence (ACATTTCA) used in the avidin-biotin
conjugate DNA precipitation assay. Probing was performed using biotinylated or unbiotinylated (competitor) double-stranded (33-integrin wild-
type and mutant (MUT) oligonucleotides with whole-cell extracts from Ishikawa cells transfected with Ad-Flag-Nur77. (B) Western blot analysis
of Nur77 protein levels in Ishikawa cells transfected with adenoviruses harbouring siNur77 (Ad-siNur77). (C) Ishikawa cells transfected with
Ad-siNur77 were treated with oestradiol (E2; 10-8 M) and progesterone (P4; 10-6 M) for 12 h and then subjected to Western blot analysis of
{3-integrin, FAK and pY397-FAK protein levels. (D) Ishikawa cells transfected with Ad-Flag-Nurr77 and Ad-Mst1 were subjected to Western blot
analysis. (E) Ishikawa cells transfected with Ad-siNur77 and Ad-Mst1 were subjected to Western blot analysis. (F) Ishikawa cells transfected with
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BeWo spheroid adhesion assays. ***P < 0.001 by Tukey’s multiple comparisons test.

mid-secretory endometrium from women with RIF
(n = 14) than that in the normal controls (n = 14)
(Fig. 7C). Furthermore, we generated a special antibody
against phospho-Nur77-Thr366 and found an obvious
decrease (by 80%, P < 0.001) of pNur77 (T366) protein
level in the mid-secretory endometrium from women
with RIF (n = 14) than that in the normal controls
(n = 14). The expression of p3-integrin was decreased by
45% (P < 0.05) in the mid-secretory endometrium from
women with RIF (n = 14) than that in the normal con-
trols (n = 14), and there was a positive correlation
between the protein levels of pNur77 (T366) and f3-
integrin (n = 28, r = 0.46, P < 0.05) (Fig. 7D and E).
Collectively, these data suggested that the phosphoryla-
tion of Nur77 at Thr366 was impaired in the mid-
secretory endometrium from women with RIF,
indicating the potential importance of Mstl mediated
phosphorylation of Nur77 on the regulation of endo-
metrial receptivity in women.

Discussion

Inadequate endometrial receptivity is responsible for
approximately two-thirds of implantation failures.”
The underlying mechanism involved in the regula-
tion of p3-integrin by Mstl/Nur77 was explored in this
present study, and the potent treatment to promote the
embryo-epithelium interaction was proposed. We
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found that Mst1 is involved in establishing endometrial
receptivity dependent on the kinase activity, and iden-
tified Nur77 as a new substrate of Mstl. Mstl phos-
phorylates Nur77 at threonine 366 to regulate the
transcription of p3-integrin. Importantly, we uncovered
that peptide-pThr**® promoted trophoblast—uterine
epithelium adhesion in vitro and embryo implantation
in vivo, and endometrial pNur77 (T366) level was
aberrantly decreased in women with RIF, indicating
the key role of Mstl mediated phosphorylation of
Nur77 on embryo implantation (Fig. 7F).

Nur77 (also known as NR4A1l or TR3) is an im-
mediate early gene that functions as a ligand-
independent transcription factor to regulate various
biological processes.** We previously showed that
Nur77 knockout mice exhibited impaired decidualiza-
tion and a subfertility phenotype, but the molecular
mechanism regulating the activity and expression of
Nur77 in uteri has not been fully elucidated.” Multiple
phosphorylation sites have been identified in Nur77
regulated by various signalling pathways in different
cell systems. The phosphorylation of Ser-351 by Akt
decreased the transcriptional activity of Nur77, while
phosphorylation of Ser-341 had little or no effect.”>*
The phosphorylation of Thr-27 and Thr-143 by p38a
attenuates Nur77 inhibition of NF-kB activity, leading
to enhanced p65 binding capacity to DNA.” Mstl, as a
central node of the mammalian Mst-Hippo pathway, is
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Fig. 7: Impaired phosphorylation of Nur77 in the endometrium of women with unexplained RIF. (A) Immunostaining analysis of mid-
secretory endometrial Nur77 protein expression in women with RIF (n = 5) versus normal controls (n = 5). (B)Western blot analysis of
Nur77 protein levels in mid-secretory endometrium from infertile women with RIF (n = 14) and normal controls (n = 14). (C) Phos-tag SDS-
PAGE analysis of Nur77 and phosphorylated Nur77 protein in mid-secretory endometrium from infertile women with RIF (n = 14) and normal
controls (n = 14). (D) Western blot analysis of phospho-Nur77-Thr366 and p3-integrin protein levels in mid-secretory endometrium from
infertile women with RIF (n = 14) and normal controls (n = 14). (E) Pearson correlation analysis of mid-secretory endometrial protein levels of
phospho-Nur77-Thr366 and B3-integrin protein levels (r = 0.46, P < 0.05) in all samples (n = 28). LE, luminal epithelium; GE, glandular
epithelium; S, stroma. Scale bars, 100 pm *P < 0.05, **P < 0.01, ***P < 0.001. Student's t test. (F) Graphical abstract. We identified a new post-
translational modification of Nur77, phosphorylation of threonine 366 of Nur77 mediated by phosphorylase Mst1, promotes the expression of
(33-integrin. We uncovered a Nur77-derived peptide containing phosphorylated T366 that potently promotes endometrial receptivity by
regulating integrin-mediated cell adhesion in mice. Both active Mst1 and phospho-Nur77-Thr366 expression levels were decreased in the
endometrium of infertile women with recurrent implantation failure, indicating the similar regulatory mechanism in human.

directly phosphorylate the pro-apoptotic protein BIM,
anti-apoptotic proteins BCLxL and SIRT1 to regulate
apoptotic pathways.** In the present study, we found
that Mstl, but not kinase activity-deficient Mstl,

a multifunctional serine-threonine kinase member of
the STE20 family and several substrates have been
identified to date, including LATS1/2, FOXO03, and
H2B.” In addition, active Mstl has been shown to
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promoted Nur77-mediated BeWo spheroid adhesion.
Nur77 was recently identified as a target of the Hippo
pathway that mediates the pro-apoptotic and anti-
tumor effects, whereby YAP promotes Nur77 phos-
phorylation through AKT.” Herein, in vitro kinase
assay following with LC-MS/MS assay confirmed that
Nur77, as a new substrate of Mstl, was directly phos-
phorylated at Thr-366, which is a new phosphorylation
site that has not been reported previously.

More than 60 peptide drugs have reached the market
for the benefit of patients, and several hundred novel
therapeutic peptides are in preclinical and clinical
development.* Recently, a Nur77-derived peptide with 9
amino acids (NuBCP-9) was shown to induce the
apoptosis of cancer cells in vitro and in animals by
converting Bcl-2 from a protector to a killer of cancer
cells, and polymeric nanoparticle encapsulation was
utilized to enhance the cell-penetrative ability of
NuBCP-9.* We speculated that a Nur77-derived pep-
tide may play a role in regulating the process of embryo-
epithelium adhesion. To facilitate peptide crossing into
the cells, we included the transactivator of transcription
(TAT) sequence (GRKKRRQRRRPQ) at the N-terminus
of all the peptides.”** Indeed, a Nur77-derived peptide
with 10 amino acids containing phosphorylated T366
increased the rate of adhesion of BeWo spheroids or
mouse embryos with Ishikawa cells and the rate of
embryo implantation in a delayed implantation mouse
model. The functional prediction of the peptide-pThr?**®-
regulated transcriptome via GO analysis and GSEA
showed that the “Regulation of cell adhesion” and gene
set “Integrin-mediated signalling” pathways were
enriched in peptide-pThr*®-treated uteri. In particular,
B3-integrin was increased in the epithelial cells of Pep-
tide-pThr**-treated uteri. Dynamic dimer formation is
an elaborate means of modulating transcription factor
activities, and Nur77 binds the regulatory NBRE as a
homodimer or a component of heterodimers formed
between subfamily members (NR4A2 and NR4A3).”
Previous research has proven that a phosphotyrosyl
peptide blocks stat3-mediated DNA-binding activity and
gene regulation by regulating stat3 dimerization.”” We
found that peptide-pThr*®® treatment increased the
expression of Nr4al, Nr4a2 and Nr4a3 (Fig. 5] and
Fig. S3), providing a possible mechanism by which
peptide-pThr*®® promotes integrin-mediated signalling.

The functions of the kinase MST1 rely heavily on its
ability to phosphorylate and become phosphorylated
themselves on threonine 183.° We found that active
Mst1 was decreased in the endometrium of women with
RIF. P3-integrin has been proven as an important
endometrial receptivity marker, and our data showed
that p3-integrin was a direct downstream target of
Nur77. Phosphorylation of Thr-366 mediated by Mstl
enhanced the transcriptional activity of Nur77, which
was consistent with the observation that Mst1 promoted
the expression of P3-integrin partly dependent on
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Nur77. As expected, the expression level of Nur77 was
decreased in the endometrium of women with RIF,
while the change of phosphorylated Nur77 was more
obvious than that of unphosphorylated Nur77 (Fig. 7C).
Furthermore, we generated a special antibody against
phospho-Nur77-Thr366 and found an obvious decrease
of pNur77 (T366) in the endometrium of women with
RIF. It is worth noting that the decline of pNur77 (T366)
(by 80%) was more obvious than that of p3-integrin (by
45%), indicating that pNur77 (T366) has the potential to
be a more reliable evaluating marker of endometrial
receptivity in the infertile women (Fig. 7D). Overall, we
uncovered a Mstl/Nur77/B3-integrin signal axis
involved in the regulation of endometrial receptivity.
Further research is needed to directly ascertain the
correlation of phosphorylated Nur77 changes and
different pregnancy outcomes. The detailed physical and
chemical properties of peptide-pThr366 need to be
further identified, and the phosphorylation state-specific
antibody against phospho-Nur77-Thr366 could be
further purified to improve the antibody testing capac-
ities in endometrial tissues of both human and mice in
situ. Further exploration of the effect of peptide-
pThr366 using more complicated in vitro model, such
as the ‘assembloid’ model consisting of endometrial
gland-like organoids and primary endometrial stromal
cells,”” would help clarify the key role and regulatory
mechanism of peptide-pThr366 during the process of
embryo implantation. The human study is limited by its
retrospective nature, and a higher sample size or a
prospective randomized design could be used in future
studies to corroborate the potential effect of peptide-
pThr366 on embryo implantation in RIF patients.

Collectively, we identified Nur77 as a new substrate
of Mst1, was involved in the regulation of p3-integrin by
phosphorylated at threonine 366, and demonstrated that
a Nur77-derived peptide-pThr*®® promoted the endo-
metrial receptivity. Aberrantly low endometrial
phospho-Nur77 (T366) expression is a promising
biomarker for endometrial receptivity. A better under-
standing of the regulatory network of the Mst1/Nur77/
f3-integrin signal axis may help to develop related tar-
geted therapy for clinical treatment of recurrent embryo
implantation failure in women.
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